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(54) Production of polypropylene 



(57) A process for producing polypropylene, the 
process comprising homopolymerising propylene or co- 
.polymerising propylene with one or more comonomers 
selected from ethylene and C4 to C^q 1 -olefins in the 
presence of a metaitocene catalyst system comprising 
(a) a metallocene catalyst of general fomiula R"(XR„) 
(Cp'R'„)MQ2. wherein X is a cydopentadienyl moiety 
(Cp) or a heteroatom, Cp' is a substituted or unsubsti- 
tuted fluorenyl ring; each R is independently hydrogen 
or hydrocarbyl having 1 to 20 carbon atoms in which 0 
^ m < 4; each R' is independently hydrocarbyl having 1 
to 20 carbon atoms in which 0 ^ n ^ 8; R" is a bridge 
which comprises a C^*C2o alkytene radical, a diaikyi ger- 
manium or silicon orsiloxane. or an alkyi phosphine or 
amine radical, which bridge is substituted or unsubsti- 



tuted, M is a Group IVB transition metal, vanadium or a 
lanthanide metal and each Q is hydrocari^yl having 1 to 
20 carbon atoms or halogen, and (b) a cocatalyst which 
activates the catalyst component, the homo- or co- po- 
lymerisation being performed in a slurry process in a hy- 
drocarbon diluent for the polypropylene or being per- 
formed in a solution process in a hydrocartson solvent 
for the polypropylene, the concentration of propyl ne 
monomer in the diluent or solvent being lower than 70% 
by weight, based on the weight of the diluent or solvent, 
to produce a polypropylene homopolymer or cop lymer 
having long chain branches on the polypropylen mol- 
ecules. 
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diluent such as hexane. catalysts can exhibit poor activity when used in a slurry process with a 

It is known that electron beam irmdia'on oT^^L e«iri^^^^^^^ " ^"'^^ ^'"y' ^'^"e. 

molecule. Up to acertain level of irradiation dSTiTlspS^^^^^^^ °' « polypropylene 

been produced using a Ziegler-Natta catalyst, a moSpo^er ^^u ^^^^^^^^ """""'^ "'^'"S 

known as long chain branching poiymer molecule having free-end long branches, otheiwise 

^o:^^::^:^ - mdude .ow mouidm. 

otherhand,atoo-highmeftstrenJhwill,Saci^^^^^^ 

melt strength and drawabillty is desirable. For blown (b^Z^ ln^^Z ^^"^'"d^- « ^o^ect balance between 
melt strength and stretchability is ve^r importam T fSlm Jl.« ^ °' ""^^ ' "etween 
. non-unifom, cell structure. Fo7such a^Sn a ooor SIk.^ ^ ^^""^ '^^'l 

10007] The present invention aims to ^Ssl^lijl^^^^ 

ing. and which can exhtoit improved proZerin oaTu rrfl ''-^'"3 'ong chain branch- 

tured Without the need for an irradiatrsS J eS^ Srrrj^^^^^^^ 

process which provides substantialV increLd oS ch J^^^,!„° k I " °' ^ '""^^ ^° f^''^^'^ « 
aim to produce novel polypropylene resins and ^"^^^^^^^ ^'^^"tes. It is a further 

new properties. ^"^ ^"^'^ ^^^'n^ having long chain branching which exhibit 

Co.;s;t^r:rr^^^^^^^^ 

C. to C,o 1 -olefins in tS presence oTmeScene ca^^^^^ ««'««ed from ethylene anS 

tom^ula R.,XR„) (Cp.R.„)MQ, wherein X i^a peta^ m^^^ 

unsubstitutedfluorenyl ring; each R is indepenLtly hydroq^n oTSI/^^^ heteroatom, Cp' is a substituted or 
O 5 m < 4; each R' is independently hydrocaibyi hZf^20^Zn J ^ ' '° ^° ^"""^ *»"ch 

comprises a C,^ alkylene radici. a diai^ gerZium or s1lt=on^r ^'^^^^ ^ ^ " < 8i R" is a bridge which 

which bridge is substituted or unsuUutedSTa G^^^^^^^ 

each Q is hydrocarbyl having 1 to 20 ca*on atoms oSJen LndT "'''^ '^'^^'"'^ °^ ^ 'anthanide metal and 
ponent, the homo- or co- polymerisation Z^^rto^^^^ 'u "'^''"^^^^ '^^'^'V^t com- 

pylene or being perfomieS m a solS p^iStn aTdr^^^^^^^ ^ '^""ent for the polypro- 

Pmpylene monomer In the diluent or soK^e, g^'er"^^^^^^^^ «>ncent«tion of 

soh^ntj^produceapolypro^^^^^^ 

ir:u:ret:;rrs'^r:a« 

Zl fr^m%'roo'bir ^'^^ ™^ so to SOO-C. and the pressure 

mVi Se Jo2;r''''°" f P'^'^'^'y « '"'""tes to several hours 
LdUrn^—e^nTC^^^^ 

temperatureand pressure must be above thr^nfm ' """""'^ "^^ '"ay be propane. Th 

present,. Propane^as a m:rm Lp«^.^^:^^^^^^^^ 

41 .5 bar. ^ ♦^"Verature Tc of 96.8'C and a minimum supercritical pressure Pc of 

10013] Th us °^-P-r.calcond.onsgrat,increasstheac«v«yofthemta,.ocenecata,st.Themta,tocen 
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catalyst is selected so as to be thennally stable under such supercritical conditions. At a temperature. and pressure 
above the supercritical valu s and most preferably in the absence of hydrogen, the m talloc n catalyst activity may 
be high enough to produce polypropylene resins having v ry low catalyst residues and with long chain branching. 
[0014] The slunry proc ss may b a sluny loop process which is carri d out in two reactors in series, optionally with 

5 on reactor operating under supercritical conditions. 

[0015] Preferably, the homo- or co- polymerisations are carri d out in the absence of hydrogen. Optionally, when 
there are two reactors in series, one reactor Is operated without hydrogen to provide the high degree of long chain 
branching and the other is operated with hydrogen to provide higher processabllity, as a result of the formation of lower 
molecular weight molecules, for the resultant blend of the two fractions. 

10 [0016] Preferably, the propylene Is a homopolymer produced In the absence of a comonomer. 

[0017] The polypropylene may be syntheslsed with batch, semi-continuous or continuous reactors in a slurry or 
solution process. 

[0018] The present invention further provides a polypropylene having a branching index g less than 1 and wher in 
for the relationship between the loss shear modulus G" and the storage shear modulus G', at values of the storage 
75 shear modulus G' below the value corresponding to the cross-over point, at which cross-over point the storage sh ar 
modulus G' is equal to the loss shear modulus G" and below which the storage shear modulus G' is lower than the 
loss shear modulus G", the ratio d(logG")/d(logG') is greater than 0.9. 

[0019] Preferably, the ratio d(logG")/d(logG') is greater than 1 at values of the storage shear modulus G' below the 
value coresponding to the cross-over point. 

20 [0020] The present invention yet further provides a polypropylene having a branching index g less than 1 and wherein 
the relationship between complex viscosity {t\) and angular frequency (o)), at a value of angular frequency below the 
value corresponding to the cross-over point, at which cross-over point the storage shear modulus G' is equal to the 
loss shear modulus G" and below which the storage shear modulus G' is lower than the loss shear modulus G", shows 
an inflection point where d^ (log t^yd (log a))2 is zero, and below which the viscosity increases. 

25 [0021] The present invention still further provides a polypropylene having a branching index g less than 1 and wherein 
for the relationship between tan 5, where tan 5 is the ratio G"/G', and angular frequency (co), at a value of angular 
frequency o> below the value corresponding to the cross-over point, at which cross-over point the storage shear modulus 
G* is equal to the loss shear modulus G" and below which the storage shear modulus G' is lower than the loss shear 
modulus G", there is a maximum in the cun/e where the value of d(tan $)/do) is zero. 

30 [0022] The polypropylene may be isotactic polypropylene or syndiotactic polypropylene. 

[0023] The present Invention is predicated on the discovery by the present inventors that when polymerising propyl- 
ene to form isotactic or syndiotactic polypropylene, if a metallocene catalyst having a fluorenyl moiety is employed in 
combination with a low concentration of propylene monomer, this tends to enhance the fomnation of long chain branch- 
ing in the polypropylene molecules. This is particularly enhanced in the absence of hydrogen. Without being bound by 

35 theory, it is believed that the low propylene monomer concentration tends to provide an enhanced level of grafting of 
branches onto the growing unsaturated polypropylene molecules at the expense of reduced monomer incorporation. 
In contrast, when polypropylene is polymerised in a regular slurry bulk process or in a supercritical propylene pr cess, 
the isotactic polypropylene is unbranched because the competition between propylene monomers and unsaturat d 
polypropylene chains for their incorporation into the chains is largely in favour of the propylene monomer insertion. 

40 [0024] The polypropylene is produced using a metallocene catalyst having a fluorenyl substituent, which pref rabiy 
is selected from: 

(Me2C(3-tertiary-Butyl-5-Me-Cp){Flu)ZrCI2: isopropyl-cyclopentadienyl-fluorenyl zirconium dichloride; and 
(Ph2C)((Me3Si)Cp)(Ru)ZrCi2. 

45 

[0025] The Cp Is a substituent cyclopentadienyl which is unsubstituted or substituted with, for example, Ph2CH, 
Me^C, MesSi. Me, Me and Me3C,Me and SiMe3, Me and Ph, or Me and CH3-CH-CH3. 

[0026] The Cp' is a substituent fluorenyl which is unsubstituted or substituted, for example, with each R' being inde- 
pendently YR 3 in which Y is C or Si and each R' is independently H or hydrocarbyl having 1 to 20 carbon atoms. 
so [0027] The heteroatom X may be, for example, N, P. S or O. 

[0028] The structural bridge R" is generally an alkylene radical having 1 to 20 carit)on atoms, a dialkyi germanium or 
silicon or siloxane, aikyi phosphine or amine, preferably Me-C-Me, Ph-C-Ph,-CH2-. Et-C-Et, Me-Si-Me, Ph-Si-Ph or 
Et-Si-Et. 

[0029] The metal M is preferably Zr or Hf and each Q is preferably CI. 
ss [0030] The cocatalyst which activates the metallocene catalyst component can be any cocatalyst known for this 
purpose such as an aluminium-containing cocatalyst or a boron-containing cocatalyst. The aluminium-containing co- 
catalyst may compris an alumoxane, for exampi methyl aluminium oxane, in an amount such that Al/M =: 10-2000. 
In the slurry loop proc ss, using support d m tallocene catalyst, a cocatalyst is inject d into th reactor, for example 
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clohexane; and aromatics such as benzene, toluene, ethylbenz ne and diethylb nzene. 

[0042] Pr ferabty the support mat rial is slurried In tolu ne and the m talloc n and alumoxane are dissolved in 
toluene prior to addition to the support mat rial. 

[0043] In accordance with the invention, propyl n and any optional alpha-olefinic comonomer are supplied to the 
5 reactor containing the metalloc n catalyst. Typical comonomers include ethylene, butene, 4-methyM-pentene and 
1-hexene. Hydrogen may be additionally supplied to the reactor, but most preferably no hydrogen is present during 
the polymerisation. Because the metailocene catalyst component of the present invention exhibits good comonomer 
response as well as good hydrogen response, substantially all of the comonomer, when present, is consumed. 
[0044] The MFl of the polypropylene made in accordance with the present invention typically falls in the range 0.1 
10 to 2000 g/1 0', preferably in the range 0.5 to 1 000 g/1 0'. The melting temperature of the polypropylene is typically above 
85°C. most preferably above 1 0O^C. The polypropylene preferably has a weight average molecular weight (Mw) in the 
range 6 to 5000 kDa, more preferably from 20 to 1000 kDa. The polydispensity index (D) preferably ranges from 2 to 
25. The long chain branching facilitates processing of the polypropylene. 

[0045] The CpFlu catalysts employed in accordance with embodiments of the present invention may be pr pared 
f5 broadly in accordance with the method of Razavi and Ferrara as published in Journal of Organometaltic Chemistry, 
435(1992) pages 299 to 310. 

[0046] The polypropylene may be an Isotactic polypropylene or a syndiotactic polypropylene. Most particularly, the 
polypropylene has been polymerised using a metailocene catalyst, in particular an isotactic pplypropylene polym hsed 
using a metailocene catalyst (hereinafter refen-ed to as "miPP"). The polypropylene or polypropylene blend may have 
20 a monomodal molecular weight distribution or a multimodal molecular weight distribution, for example a bimodal mo* 
lecular weight distribution. 

[0047] This production of higher melt strength polypropylene enables the polypropylene to be used in a variety of 
different applications where melt strength is required when the polymer is processed from the melt^ for example in blow 
moulding, blowing of films, extrusion thennofonning and in the production of foams. 

25 [0048] The polypropylene may be a homopolymer of propylene or a random or block copolymer of propylene and 
one or more olefins selected from ethylene and C4 to C^q 1 -olefins, which may be linear or branched. For example, 
the polypropylene may be an ethylene-propylene random copolymer containing up to 10wt% ethylene. The polypro- 
pylene homopolymer may be used as a matrix phase which is toughened by rubber particleS: for example ethylene- 
propylene rubber particles, typically in an amount of up to 30wt%. 

30 [0049] Following polymerisation, the polypropylene may be washed with an acidic solution of an alcohol, for exampi 
methanol or isopropanol to precipitate it from a soh^ent for homogeneous polymerisation. The fluff is treated with con- 
ventional antioxidant additives to stabilise the polypropylene. 

[0050] Thereafter the poiyolefin is mechanically processed in the melt, e.g. by extrusion, and granulated. 
[0051] In accordance with a preferred aspect of the invention, the polypropylene has increased melt strength. This 
35 particular rheological property provides an outstanding processing behaviour which allows the polypropylene based 
polymers produced in accordance with the invention to be suitable particulariy for producing films, sheets, fibres, pip s, 
foams, hollow articles, panels and coatings. 

[0052] The invention will now be described in greater detail with reference to the following non-limiting examples 
and the accompanying drawings, in whlch:- 

40 

Figure 1 1s a graph showing the relationship between the storage shear modulus log G" and the loss shear modulus 
log G* for polypropylenes produced in accordance with Example 1 and Comparative Examples 1 and 5; 

Figure 2 is a graph showing the relationship between complex viscosity 1} and angular frequency co for polyprop- 
45 yienes produced In accordance with Examples 1 , 2 and 3 of the process of the Invention and Comparative Exampi s 

1,2 and 5; 

Figure 3 is a graph showing for Examples 1 , 2 and 3 and Comparative Examples 1 , 2 and 5 the relationship between 
tan 5 and angular frequency o>. 

50 

[0053] The present invention will now be described in greater detail with reference to the following non-limiting Ex- 
amples. 

EXAMPLES 1 AND 2 

55 

[0054] In these Examples, an isotactic polypropylene homopolymer was produced using a metalloc ne catalyst 
(th reby producing miPP r presenting metallocene-synthesised isotactic polypropylene) comprising Me2C(3-tertlary- 
butyl-5-methyl-cyclop ntadi nyl) (fluorenyl) zirconium dichloride. th polym risation having b en performed without 
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purged at 110X under nttrogen ,0" , hou^nd^^^^^^^^^^^^ ''''''' "''"^ 

the catalyst was in an amount of resSvel '^ar^S si/ °' ^^^^'^^ ' ^"^ ^ 

5 oxane (MAO) in an amount of SSOprm^ShS on t f 

30wt% solution in toluene In Examote 1 tL o^hlSl !!' °^ ^''^ '^'^^ *^ ^ 5ml of a 

1 litreoftoiueneandl litre of pSne TZlZTrT^"'^'''^'^''''^^^^^^^ 
wtth there being 1 litre of isobZe and oTo'oo^^^^^^^^ T T'' "^'"^ '^"''"'^"^ ^ ^ 

monomer to soh,ent or diluent was 50/5Jl:?eaSem^^^^^^^^ ^"'""'^ ^^♦'^ °' P~PV'«- 

-^tlmewasl .our.There^ionwaste.inatedhyven4ru;rr^^^^^ 

Ssoi^rsS^j^^^^^^ 

lymensat on was 1525aPP/a catafvst Pnr PvamnL o . ^ ^ homogeneous unsupported) po- 

icalsundertSSt,;dena,JeSxB2?5^^^^ 

- SmJlVrlTs^i:^^^^ andaroundZOOdg/mln 
load of 2.16kg at a ter^raTZSr7lJZ^Z mm.^""^ "'"^'"''^ °' ^^TM D 1238 usTng a 
79% respectiCely for ^Z 'JH NMR analyse yielded an mmmmm pentad of 82% and 

SthX~rrr;gr^^^^^^^ 

is thenumberaveragemolecularwe7ghrForm^ '"'^^ ^^'^'^^ 

mo^ularwelghtteLtoheund:^^^ 

f^Liirn^crcrs';;^^^^^^^^^ 

frequency is depenlnt upon the de^niTto^^^^ 
properties of the polyrner^e^onaS 

Mw (COP) . the weSJt av^rag m^^^^^^ ^ ««o Mw (COP)/Mw (.0) wL 

discussed hereinbelow) and Mw („0) is ti^\SZ^lTJ , c^o»-°ver point coordinates (W, and G J (as 
branching factor « equal to 1± 01 for SLT^^ 
syndiotac^cpo^rorylenewHhCjrrrg^^^^^^^^^^ 

average molecular weight (M J values inferrsd fmm a T ^ determined from the ratio of two weight 

models available in coLir^ZT^ Z. lZJZ7£ oTiSnn ^ ' ''^''^'^^'^^ «"ch as the 
tifics. ^''ES 700 from the company Rheometrics Scien- 

the same testing expehment was^ndu'^S^: ^^S^me f^^^ f "^'^ T"' ^""^ 
viscoelastic responses expressed «t thl r^a^^ZT, temperatures, for example at 1 90-c and 21 0°C. and th 

described in the pa^ eir^empeiitLf^^^^ ' approach/which Is 

Polymer Eng. Scl 72. 1778 (1992! PoVolefin melt rheology". H. Mavrldis and R.N. Shroff. 

[0063] From the data obtained, the storaqe (Gl and loss /e-^ «h<><ir ,■ 

viscosity(^.)wereplotteda8afunctionof dSaff eruenr^^^^^^ ^ ^"^^ '"""^^^^ 
(COP) for the storage and loss 8hearmoduiwro3^^^^^^^ 

over point (COP) coordinates G" - G " - G ^nri Si T ^ ^ polypropylenes investigated. The cross- 
when th Jls ml than oTe cLle;Snra c^s^^^^^^^^^^ ^» ---- P'*'"'. or 
mation pertaining to the weight average molutel wSirrind Z ° 'f "'""^ '° '"'^^ 
oaz ichnerandP.D.Patel.Pmc.2'-Wo;"?o:^^^^^^^^ P^P-^V 

poXeL'rtyTnSLMD'^j^;^^^^^^ 

the cross-ov r point to apply: - « «na louna ine following equation for the molecular w ight at 
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(COP) = exp (6.767-0.18r(LnWc)-0.0129*(LnWc)^) (for 
isotactic PP) 

[0065] The weight average molecular weight (Mw) is specified in kDa. and is calculated with a standard deviation 
estimated to be around 5%. 

[0066] For the value (iiO) which is the weight average molecular weight at zero shear viscosity, this is calculated 
as follows. From the shear viscosity curve, it is possible to extrapolate the viscosity to the zero shear rate viscosity 
using an equation known as the Carreau-Yasuda equation which is described in the paper entitled "Correlation Betw en 
MolecularStructure and Rheological Behaviourof Polypropylene", K. Bemreitner, W. NeissI andM. Gahleitner, Polymer 
Testing. 11., 89 (1 992). As is well known in the literature, a power law relationship exists between iio and M^. Accordingly, 
using the same data as set out for the cross-over point, the following equation forthe weight average molecular weight 
at zero shear viscosity has been determined: 



Mw(i1o)=exp (3.5897+0.26rLn(iio)) (for isotactic PP) 



30 



35 



[0067] Similar equations relating Mw to COP and no can be derived for syndiotactfc polypropylene (sPP). 
so [0068] The weight average molecular weight is expressed in kOa with a standard deviation around 6%. The 
viscosity is expressed in Pascal, seconds. 

^'^"^^'"d factor g for any given isotaetic or syndtotactic polypropylene is the ratio between the calculated 
value (COP) and M^{i\o). 

[0070] In the Examples and Comparative Examples, the rheological measurements were performed on a Rheomet- 
2S rics apparatus at 230»C (0.01 - 1000 radians/second maximum range when using master curves). 

[0071J ForExamplesI and2theactivationenergyEawasdetefminedandwasrespectively58and48kJ/mol These 
relatively high energy values indicate signifteant long chain branching. For linearisotactic polypropylenes, the activation 
energy Ea is between 37 and 42 kJ/mol. 

[0072] The branching factor g was determined for Examples 1 and 2 and gave respective values of 0 61 and 0 5 
These are significantly less than the value of 1 for linear polypropylene. 

[00731 For each of the polypropylenes of Examples 1 and 2, the relationship between the logarithmic values of G" 
and G' were determined and for Example 1 results are shown in Figure 1. In accordance with the Invention for th 
relationship between the loss shear modulus G" and the storage shear modulus G'. at values of the storage shear 

modulus G'below the value correspondingto the cross-over point, at which cross-overpoint the storage shear modulus 
G IS equal to the loss shear modulus G" and below which the storage shear modulus G' is lower than the loss shear 
modulus G'. the ratio d(logG"Vd(logG') is greater than 0.9. For Figure 1 , the slope of the curve in the low frequ ncy 

region (lowG- below around100Pa)theslopewas2.04. The corresponding slopeforExample2was1.7. The existenc 
of a slope in the plot of log G" versus log G' which is greater than 1 indicates the presence of significant long chain 
branching. This is in contrast with polypropylene having long chain branching obtained by a post reactor process such 
as irradiation or the addition of peroxide plus a co-agent, whteh gives a slope of 0,7 to 0.9, compared to a scope of 
from 0.6 to 0.7 for linear isotactic polypropylene. 

[0074] The polypropylene polymers of this invention exhibit rheolognal features that can be ascribed to the pres nc 
of long Cham branching structures, for example a branching factor g below 0.9, in contrast to the value for lin ar 
polypropylenes which is 1 +/- 0.1 , an activation energy Ea above 42 kJ/mol for isotactic PP, and a slope in the log G"- 
log G' curve above 0.7 for G' values below the crossover point, typically betow 100 Pa. 

[0075] Moreover, the polypropylenes produced in accordance with the invenUon exhibit partcular flow curves in the 
relationship between complex viscosity and frequency, namely the presence of a sigmoidal curve with a yield stress 
at low frequency. Thus as shown in Figure 2, when the value of the complex viscosity is plotted against frequency for 
the polypropylenes of Examples 1 and 2, there is an inflection point in the plot at values below about 2 radians per 
second leading to a significant increase (greater than 10%) in the complex viscosity at lower frequencies Thus the 
polypropylenes exhibit a yield point in their flow curve at low frequencies, and the shear viscosity can no longer be 
descnbed by the Carreau-Yasuda equation. This was manifested by a sigmoktel shape for the plot representing the 
relahonshtp between complex viscosity and frequency. Such a sigmoidal cuive is represented mathematically wherein 
for the relationship between complex viscosity (n) and angular frequency («d), at a value of angular frequency below 
the value corresponding to the cross-over point, at which cross-over point the storage shear modulus G' is equal to 
the loss shear modulus G" and b low which the storage shear modulus G" is lower than the loss shear m dulus G" 
V.!^ rf=(logn)/d(logo))2 is 2 ro. This characteristic distinguished th polypropylen s produced in accordanc ' 
with this inv ntionfromthos of high m It strength polypropyl nes containing long chain branching produc dbyirra- 
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diation or, reactive extrusion with peroxides and possibly co-aoents In /v^ntr^ct . u „ 

propylenes having long chain branching do not xhibft a JeTd oo nt in ZT ' ^''^"^^ P^'^ 

rr=p::^r:---'------^^ 

the phase angle at 0.1 and 100 radians per secondTth7;imf ?1 f ^ ^ ''«'*«en 

linear chains means more long chain b^SgT he^^o^^^^^^^^^^^ -'-tion of 

value tan 5 (the ratio G"/G") forthe polypropylene producedT«S^lrH!nI '^^'"^ " ^^^^sented by the 

in the value of tan 6 at low frequency narent^l^;^^^^^^ 

This is represented mathemaLlly whSo t^e r^^^^^^^ ^" 9^^^'^^ 

angular frequency (a,), at a value of anaZ fl?!n^^^ k^^^ ^f^^ « t''^ and 

whichcross-over^nimesto^; s e?I;S^^ corresponding to the cross-over point, at 

Shear modulus G- is lowerthan the loss sZldulsG-t^ 

3 Where for the polypropylenes of both Example 1 and Examnifp « L ^ ^^""^ '""^^'^'^ ^'S"'^ 

frequency valueof 100 radians persecondSnt a^t tfEnol' T""""^ ^" ^ '"""'^ '^^'^ « 

produced by irradiation, a cominuouTcfelsroTrdamS^^^^^ ^'^^"9"^ PO.ypropy.enes 

crossover point defined by the frequency at whteh G erate G-- °'''^'^^<^^^' frequencies below the 
value of frequency, the darnping increasS asThTll^^H^ . ^ °" ^" ^ S'®"®^ ^' ^ 9iven 
wtth.ongchainblchingha::?o:eTd4in1^ 

parameter tan 5 at 0.1 radius per second is terthatonJImrc?!" ^^.^^^ 

in tan 8 was observed at 25 radiansTs^ o^Te ow tSl fr!„ "^T"" P°^Propylene sample and the maximu,? 
roOTT] Furthermore, the Po^ropytenesTxSS^^^^^^^ «^n««- 
exhibit more than one cros^-o^er pit (CoScoS^^^^^^^^^ P"'''"'*'' °' the invention also 

and the loss shear modulus G" are equarThe addWo.^?^^^ ^"^'^ '"^^^^ modulus G" 

overpointfrequencyexhibftedbylinXo^r^Xm^^^^ 

been irradiated or subjected to treatmentTp^Ses ' PolyP^pylene of high melt strength which have 

1^78] The isotactic po^ropylenes produced in accordance wfth Examples 1 and 2 both e..m seve«l crossover 



EXAMPLES 



Sh^^ig^preCS^ 
« '"9of isopropyl-cyclopemadienyl-fluorenyrZrm^^^^^^^^^^ '^°'"P"«'n9 75 

ml added in three steps, the polymerisation o^^^^T . f comprising MAO in an amount of 120 

"TV. °' polypropylene are summarised in Table i ^' 

- freqlcy'^r^rrrp^::^^^^^^ 

G' curve. ' « below the cross-over point and a high slope In the log G"/log 



COMPARATIVE EXAMPLE 1 
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ELii'ir^rpC;^?:^:^^^^^^ 

in Table 1 . The relationship between log J andZTL^s 

G- being 1 COPa, the slope of the plot Set than J fO 62» T^ Jr'^"l" V " """^ '""^ « ^og 

is shown in Figure 2. It may be seen thiL^ „i TT"" ^'^^^^^^ ^^'^ '^^^^'^ 

frequency is shown in Figure 3.TZ^ fi^n Z^^^ TnlT "'"""'^ ^" « 

radiansfeecond. ^ "'^^ "'^'^ max»num value for tan 8 at a frequency below 100 



COMPARATIVE EXAMPLE 2 
[0083] 



instead, polymerisation was performed solely in liou^d ™i « P®":**"^!? «he absence of toluene as a solvent. 
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pcDpertles of the polypropylene produced are summarised in Table 1 . The r lationship between complex viscosrtv and 
t^Z?;! en that there is no yi Id point at low fr qu ncy. The relat o^^^^^^^ 

10o4^^^^^^^ seenthattherelsnomaxln-umvalueto^tanaatatrepuen?^^^^^^^ 



COMPARATIVE EXAMPLE 3 



10 iwo litres of propylene monomer in the reaction vessel of Example 1 The reaction was stoDned after a rv.ri«rt «f 



COMPAFJATIVE EXAMPLE 4 



[0085] in this Comparative Example. Comparative Example 3 was repeated but with one litre of toluene beino sub- 
strtuted for one Irtre of propylene monomer (to g«,e a 50/60 volume ratio of propylene to solven^and ^h m^^^ 
beingpresent in an amount of07mg. The isotacdc polypropylene recoveredhaSLpropen^^^^^^^^^ 
COMPARATIVE EXAMPLE 5 

PMM] The polypropylene of this Comparafive Example comprised a high melt strength polypropylene available in 
no exl^^ibrt a max.mum .n the value of tan 8 at f requendes be^ 

Z n^rhfaS ien;«:i T^^'' POlypropy.enes produced in acco«lance with the invention 

ana Known high melt strength polypropylenes also with long chain branching 

^ T*"!*"^ °' Comparat^/e Example 5. in all of the other Comparative Examples it may be seen 

degrre:fCch"a;"Zch'ln1,rr ^'^"^ 

also havl a br^Slr. k T ""'^'«'«"y "^he polypropylenes of the Comparative Examples 1 to 4 

Colal^eS^^^^ " yi""' ' • '"'''^'""^ ''"^^^ °' ^'^^ Po^propylene molecules. For each of 

Fr„„nT!! • ^ °' ^""^ °* ^" '09 2' less than 0.7. again indicating linearity 

the Z cleTaSuTf^^ ^'^^ "^""^"^'^^ ^'"P'- ^ t?i:;'a S 

rZIrH^ \k 'T""""' ^^"^ ^" 5 / frequency graph. Furthemiore. none of the polypropylenes produced in 
accordance wrththe Comparative Examples exhibited several cross-over points in the pXS botfl q" 
and frequency. T^e Comparative Examples 1 to 4 show that when isotactic polypropylene is sy7hesisei in buTk fi e 
wtth high concentr«,on of propylene monomer) with cyclopentadienyl fluorenylTcpRu) or otherTaSyS or slhe: 

of long Cham branching. Rather, the polypropylenes behave like typk»l linear polypropylenes °9'»"««"'«s 
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IS 



3. A process according to claim 2 wherein the diluent is at least one hydrocarbon having from 1 to 6 carbon atoms. 

4. A process according to claim 3 wherein the diluent is at least one C3 to Cg alkane. 

Tn "^"^ """" °^ ^-polymerisation is earned out in two reactors 

^ or CO polymerisation is earned out under supercntical conditions in a slurry with the diluent. 

12. A process according to claim 11 wherein the diluent comprises a C,-C, alkane or a mixture thereof. 

13. A process according to claim 12 wherein the diluent is propane. 

" It ITtT rS:'^?n ^eZ.'''"''""' '^'^ ^"^'^ ^ « ""'^ wh.h is carried 

16. A process according to claim 14 wherein one reactor « operated under supe«:rltical conditions. 
» 16. A process according to any foregoing claim wherein X comprises a cydopentadienyl moiety (Cp). 
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dichS '° "'""^'^^ isopropyl^clopentadienyl-fluorenyl zirconium 

19. A process according to any foregoing claim wh rein the concentration of propyl n monom r in the dilu nt or 
solvent.sfrom30to50%byweight.basedontheweightofthediluentorsolvent. 

20. A polypropylene having a branching index g less than 1 and wherein for the relationship between the loss shear 
spondingtothe cross-over point, at which cross-overpoint the storage shear modulus G' is equal to the loSsSar 

s^Tgsr^^^^^^^^^^^ 

^' fr.f^nrZ'LTf'^'''"^ ' '.'^."'''"^ 3 ' ^""^ relationship between complex viscosity 

ilTlTrl . ■ ' °' «"9"'«^fr«q"en=y »>elow the value corresponding to the cros^vS 

2 Id^^ T '"h K '1' ®' ^''^^^ 'n"«=tion point where 

(log T,)/d(log (0)2 IS zero and below which the viscosity T) increases. 

?SZrG"vG'e;r«„?ur;"''"'^^ ^ an^^wherointorthe relationship between tans, where tan 

6 IS the ratio G /G , and angular frequency (o)), at a value of angular frequency <o below the value corresoondino 

?n fT '^'"r**'"''' ^^'"^S* ^''^^^ "'^''"'"^ G" is lower than the loss shear modulus G", there is a mJnZ 
in the cuwe where the value of d(tan 5)/da) is zero. maximum 

'° °' '° '° ^" '^"♦^'^ Po^ropylene or a syndiotactic 

25. Apolypropyleneaccordingtoanyoneof claims 20to24whereinthe polypropylene isahomopolymerof propylene. 

26. A polypropylene according to any one of claims20 to 25 wherein the polypropylene is a mndom or block cooolvmer 
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